Ensuring low energy consumption is a crucial issue in underwater communications, since battery replacement may be difficult and expensive in these scenarios. We analyze in this paper the energy consumption of a multi-hop underwater acoustic network (UWAN) employing fountain codes. Moreover, in order to reduce this energy consumption we optimize the modulation order assuming differential phaseshift keying (M -DPSK), as well as the number of hops. We investigate the required number of fountainencoded packets for different modulation orders. Our results show that, by optimizing the modulation order, the number of hops and the number of fountain packets, we can obtain important energy savings, especially for long distances. In addition, with the proposed scheme the energy consumption decreases significantly compared to the case without fountain codes, reaching up to 40% of savings.
the number of transmission attempts and guarantees a given throughput constraint was proposed, whereas the heuristic scheduler proposed in [5] keeps attempting transmission until the queue is empty. The heuristics scheduler is based on a condition verification with threshold. An evaluation of the performance of these schedulers using real world data was done in [6] ; it was found out that the heuristic scheduler from [5] performs close to optimal at low and medium-high throughput constraint, thus becoming a valuable algorithm for transmission scheduling in practical system. Also, in order to improve performance in UWANs, it is important that the communication parameters are optimized. For instance, in [7] the authors optimize the code rate of a convolutional encoder, the signal-to-noise ratio (SNR) and the order of a differential phase-shift keying (M -DPSK) modulation. Such modulation is employed because it can be implemented with non-coherent receivers; thus, it does not require phase synchronization between the receiver and the transmitter. The results show that, for longer transmission ranges, lower modulation orders are optimal from the energy consumption point of view, since the power amplifier dominates the total energy consumption in this scenario. On the other hand, for shorter distances, it makes sense to increase the modulation order, reducing the transmission time in order to minimize the overall energy consumption. One interesting consideration in this case is that the conclusions obtained for the underwater scenario are different from the ones for a regular wireless scenario, reinforcing the need to take into account on the optimization process the special characteristics of the underwater environment.
Furthermore, transmission over long distances is typically inefficient in underwater acoustic scenarios, since it often implies in very high transmission power. Moreover, this high transmit power also generates a large amount of interference to the adjacent nodes, considerably reducing the network performance [2] . Therefore, a viable alternative to the usual single-hop transmission is performing multiple hops to transmit information, leading to the so-called multi-hop transmission scheme. With multi-hop communication, information frames are sent from source to destination through the collaboration of intermediate relay nodes. Then, despite the new challenges related to delay, routing, and other issues, multihop transmissions may help to minimize the total energy consumption. For instance, the authors in [2] analyzed how much energy is required to successfully transmit over a multi-hop UWAN. Moreover, the authors compare some of the obtained results with those of a terrestrial wireless communications system. The results show that the optimal number of hops for terrestrial wireless communications may be substantially different from that for underwater communications, showing that the proper system design can bring important energy savings.
Another approach found in the literature, initially developed by [8] to deliver information in multicast networks, is the use of fountain codes. The main idea of the fountain encoder is to produce an undetermined number of redundant coded packets, where the feedback channel informs when the transmission is completed. Thus, unlike traditional error correcting codes, fountain codes do not have a fixed code rate, but they are rather designed to ensure a given target frame error rate (FER) at the receiver without the need for retransmissions. Moreover, another advantage of using the fountain encoder is that when combined with error correcting codes (ECCs) these ECCs can be less complex when compared to a system with only ECCs for a given error performance, thus reducing complexity and energy consumption at both transmitter and receiver. In radio-frequency (RF) wireless networks, fountain codes are a promising solution to decrease collisions and reduce the FER [9] . However, in [10] it was found out that in 802.11a/g WLANs the cross-layer approach of a higher-layer fountain coding with a PHY layer modulation and FEC coding in the RF scenario can yield very limited gains.
In the context of UWANs, the fountain codes employed in [11] have been able to reduce up to 30% of the total energy consumption, especially in long-range scenarios, when compared to the case without fountain codes. This is because fountain codes with an optimized number of extra packets allow us to reduce the transmit power at each hop for a given FER, leading to an overall lower energy consumption [12] .
Moreover, to improve the use of fountain codes in UWANs, the authors in [12] have proposed two optimization constraints: 1) the transmit power should not exceed a maximum level; and 2) the number of coded packets should not exceed a maximum value dictated by the desired throughput and delay. The fountain codes were compared with a standard automatic repeat request (ARQ) protocol for underwater communications, with results showing that it is possible to achieve relevant energy savings and improvements in terms of throughput efficiency due to the adaptation of transmit power and data rate.
Recently, in [13] a method was proposed to reduce the total energy consumption in UWANs by combining fountain codes with BCH error correcting codes. Then, the fountain codes' success rate, the SNR and the BCH code rate were jointly optimized, allowing to increase the link distance with the cost of a gentle degradation in terms of energy efficiency. A cross-layer FEC scheme using fountain codes in the packetlevel FEC and channel codes in the bit-level FEC, together with a discrete stochastic approximation (DSA) algorithm to optimize the transmission throughput, is proposed in [14] to improve the reliability of underwater acoustic transmissions. It was found out that the proposed approach brings a performance improvement when compared to other cross-layer strategies. In [15] , a transmission redundancy optimization strategy for fountain codes is proposed. The proposed strategy was evaluated against the discrete stochastic approximation (DSA) and the joint power and rate control (JPR) schemes, and it was found out that the proposed structure reduces the transmission redundancy. In addition, the use of fountain codes in order to increase the lifetime of UWANs was also investigated by [16] . The proposed scheme uses a integer linear programming framework in order to minimize the energy consumption. As a result, the use of fountain codes were shown to significantly increase the network lifetime.
In this paper, we analyze the energy consumption in a multi-hop acoustic underwater network. In addition, we also employ a strategy inspired by [12] in order to optimize the number of packets used by the fountain codes. However, unlike [12] , [13] , [16] our work also considers the impact of the optimization of the modulation order of the M -DPSK modulation, the number of hops and the SNR in order to minimize the energy consumption. In addition, we introduce a theoretical analysis, assuming uncoded transmissions, which allows us to derive expressions for the optimal modulation order and the optimal number of hops. Then, the theoretical analysis is validated against simulations employing punctured convolutional codes and K -distribution fading, showing good performance agreement. The proposed optimization extends previous results from [11] , which solely considered a single-hop scenario, a binary DPSK modulation and did not provide any theoretical analysis. Unlike [16] , we consider a multi-hop scenario and a M -DPSK modulation, while optimizing these parameters. Our results show that, by optimizing all parameters jointly and by using fountain codes, we can save nearly 40% of energy, especially for long distances. Moreover, taking into account the conclusions of [10] and the ones presented in our work, it would be erroneous to directly extrapolate the conclusion obtained in the terrestrial scenario to the underwater one. This is because the conclusion obtained in the underwater scenario is the opposite of the one obtained in the terrestrial one: optimized fountain coded bring an energy consumption advantage in underwater acoustic communication systems. Table 1 summarizes the symbols used throughout the paper and the remainder of this work is organized as follows. Section II presents the system model, while the energy consumption is detailed in Section III. Then, the optimization of the modulation order and number of hops is performed in Section IV, numerical results are presented in Section V and, finally, Section VI concludes the paper. 
II. SYSTEM MODEL
We consider an underwater acoustic transmission in a multihop scenario, illustrated by Figure 1 . Due to the long distance l between the source node and the gateway, (ϕ − 1) intermediate nodes are employed, so that ϕ represents the number of hops. We assume that the intermediate nodes are positioned between source and destination, with l k representing the k-th hop-distance, so that ϕ k=1 l k = l. The communication channel is subjected to attenuation, noise and fading, as follows. Since the channel in the underwater environment is timevarying and the data rate in this work is low, we consider a fast fading scenario, where consecutive transmissions are independent and identically distributed.
A. ATTENUATION AND NOISE
The path loss in the underwater acoustic communications, usually denoted by absorption loss, is a function of both distance and frequency, thus limiting the available bandwidth. Then, for each k-th hop of Figure 1 , the attenuation A (l k , f ), in dB, is given by [17] 10 log 10 A (l k , f ) A 0 = 10κ log 10 l k + l k 100 log 10 a(f ), (1) where A 0 is a unit-normalizing constant, 10κ log 10 l k is the spreading loss, with l k being expressed in meters, and κ is the propagation geometry. In addition, the absorption loss is represented by l k 100 log 10 a(f ), with f being the frequency in kHz and a(f ) being the absorption coefficient, expressed in dB/km according to [17] 10 log 10 a(f ) = 0.11f 2 1+f 2 +
Next, to model the noise, we follow [17] in order to approximate its power spectral density (psd) as a function of the frequency, so that
where N 1 = 50 dB re µPa and η = 18 dB/decade. Then, combining the attenuation and the noise psd we can write the average SNR for each k-th hop as
where P t (l k , f ) is the acoustic transmit power, M l is the link margin and B is the bandwidth. Finally, the instantaneous SNR can be written as γ k (l k , f ) = |h| 2 γ k (l k , f ), where h denotes the acoustic channel fading.
B. ERROR PROBABILITY
In order to provide a tractable theoretical analysis and inspired by real world experiments [18] [19] [20] , we consider a tight approximation for the bit error rate (BER) of the M -DPSK modulation considering a Rayleigh distribution for the channel fading, which using [21, eq. (10.4-42)] yields
where we omit the dependence of γ k with (l k , f ) in order to simplify the notation. Also, we consider a quasi-static fading model, where the channel conditions are constant and perfectly known for the duration of one transmission, as in [12] , [16] . This can be considered true for scenarios with limited mobility. Moreover, assuming a payload of L bits, the corresponding FER is given by
In order to improve reliability, we assume the use of fountain codes [8] , whose goal is to encode a group of Z frames into Y ≥ Z frames, sent at once over the acoustic link. Then, the probability of success becomes a function of the FER in (6) and of the number of packets Y that are used, which can be written as [22] 
Thus, the corresponding FER at each hop is given by
Finally, after the ϕ hops between source and destination, the overall FER can be written as
III. ENERGY CONSUMPTION MODEL
The energy consumption model proposed here considers the use of fountain codes and multiple-hops. For a target FER P f , only a fraction 1 − P f of the bits are successfully transmitted. Thus, the total energy consumption for each successfully transferred bit can be written as
where r is the code rate, tx (ϕ) is the energy consumed by each transmitter for each successfully transferred bit, while Y Z is the ratio of frames used by the fountain code. 1 Following [2] , the energy consumed by the transmitter for each successfully transferred bit is
where P el,tx is the power consumption of baseband operations and all electronic components for transmitting, P PA is the power used by the power amplifier and T is the average transmission time per payload bit per transmission trial. Equivalently, at the receiver we have
where P el,rx is the power consumption of baseband operations and all electronic components for receiving. The average transmission time per payload bit is a function of the bit rate, R b , and of the number of bits per symbol. Thus,
In coded transmissions, each forward frame carries H header bits with essential transmission parameters and a payload composed by rL bits of data and (1 − r)L additional bits for coding. Thus, the average transmission time per payload bit per transmission trial is modified as followŝ
Then, the power consumed by the power amplifier, in Watts, is given by [23] 
where 10 −17.2 is a conversion factor, α is the PAPR of the transmitted signal (which depends on the modulation order), and φ is the overall efficiency of the power amplifier and transducer. Moreover, let us recall that P t (l k , f ) is the acoustic transmit power, obtained from (4).
IV. PROPOSED OPTIMIZATION
We now optimize the system parameters in order to meet a given target FER P f (ϕ) = P f . In (7) we can observe that the probability of successful decoding P s is a function of both FER and number of fountain encoded packets, Y . In other words, for every value of Y (starting with Y = Z , Z + 1, Z + 2, · · · ) there is a corresponding value of P f (γ k ) for a given P s . However, due to the binomial in (7), the optimization process is mathematically complex. Inspired by the approach proposed in [12] , we present a procedure in order to approximate P s as a function of the FER. This procedure has as its goal the minimization of the number of fountain packets Y , while maintaining a valid SNR for transmission. In order to facilitate the understanding of the procedure, Algorithm 1 summarizes the optimization process. First, we calculate the probability of successful decoding of every Y , from a minimum number of packets Y min to a maximum number of packets Y max . Then, we set P s equal to the target FER, i.e., P s = P f , and then we use (7) in order to find P f (γ k ). Next, we calculate the maximum BER using (6), and we use it to find the corresponding SNR, denoted byγ k (i). Finally, we verify if obtaining this SNR at the receiver does not violate the given maximum transmitted power, taking into account the attenuation and the noise. The smallest value of Y where this condition is met is the optimum number of fountain packets Y opt , which will minimize the energy consumption for a given target FER. Values of Y with invalid SNRs are not considered in the optimization process. 5: compute P f (i) in (7) corresponding to P s (i) = P f 6:
Algorithm 1 Optimization Process
compute P b (i) using (6) 7:
compute the corresponding SNRγ k (i) using (5) 8:
As a consequence, this optimization process allows us to approximate (7) as
where we use β(Y opt , γ k ) to denote the result of the optimization process. Then, in order to provide an approximated theoretical analysis, we assume that the intermediate nodes in the network are equally spaced, so that l k = l ϕ and γ k = γ , ∀k. In this case, (9) simplifies to P f (ϕ)
As a consequence, combining (5)-(8), P f (ϕ) and replacing (7) by (16), we can write the target BER as
which, using (4), yields
Finally, plugging (18) into (10), we approximate the average total energy consumption by
and P el = P el,tx + P el,rx .
A. OPTIMAL MODULATION ORDER
In order to find the optimal modulation order, M opt , we first derive (19) with respect to M , yielding
where
Finally, the optimal modulation order M opt that minimizes the total energy consumption is obtained by solving the following equation with respect to M
B. OPTIMAL NUMBER OF HOPS Finally, we find the optimal number of hops ϕ opt by doing
so that the optimal number of hops ϕ opt that minimizes the total energy consumption is obtained by solving the following equation with respect to ϕ, as follows
V. NUMERICAL RESULTS
In this section we present some numerical results following, as much as possible, the parameters of the WHOI modem [24] , summarized in Table 2 . First, we assume uncoded transmissions and we evaluate the obtained expressions for the optimal modulation order and optimal number of hops. Next, the theoretical analysis is validated against simulations employing convolutional codes of rate 2/3 from [25] .
A. THEORETICAL ANALYSIS Figure 2 shows the total energy consumption when employing different modulation orders (with M ∈ {2, 4, 8, 16}) as a function of the link distance. Moreover, we assume that ϕ = 1. The optimal modulation order M opt , obtained by the numerical solution of (20) is also shown in the right side of the figure, showing perfect agreement with the obtained results. As we observe, higher modulation orders consume less energy at shorter distances, since in this scenario the power amplifier dominates the total energy consumption. Let us remark that, due to the configurations of the WHOI modem, the minimum transmit power is of P PA,min = 8 W. This way, higher modulation orders reduce the transmission time of the packets. On the other hand, when the transmission range increases, the optimal modulation order must be reduced in order to comply with the desired FER, that in this case is P f = 10 −2 . Figure 3 plots the energy consumption for different number of hops (ϕ), with M = 16; the value of ϕ opt was obtained by the numerical solution of (26). ϕ opt depends both on the consumption of electronic circuits and the power amplifier, which in turn is related to the distance between each hop. The results show that ϕ = 1 and ϕ = 2 are optimal during almost 36 km, showing that a small number of hops is normally more energy efficient, while ϕ = 3 is interesting for long range applications. In this case, the numerical solution of (26) also shows agreement with the analytical results. Figure 4 presents a comparison of the energy consumption when each parameter is individually optimized in a system with or without fountain codes. This evaluation takes into account a maximum acoustic transmit power of 167 dB re µPa. It is possible to see that when using fountain codes it is important to optimize the number of hops and the modulation order in order to obtain the lowest possible energy consumption. On the other hand, when not using fountain codes the most important parameter to optimize is the modulation order. It is also possible to see that the usage of fountain codes brings a significant reduction in energy consumption.
The number of fountain code encoded packets Y for a minimum value of packets Z = 10, for different number of hops ϕ is shown in Figure 5 for M = 2 as a function of the link distance. In addition, we have limited Y to a maximum of Y max = 60 in our simulation setup to avoid excessive congestion of the acoustic link. We also consider a target FER of 10 −2 . Clearly, we can see that Y considerably increases with the distance. However, when we increase the number of hops, the SNR remains high for longer distances. Thus, Y takes longer to increase and reach saturation, which happens when the power limit is exceeded. In this case, more packets are needed to maintain the target FER.
Finally, Figure 6 compares the total energy consumption with all parameters being optimized in the cases with and without fountain codes. As it is possible to observe, the energy consumption is similar for very short transmission distances, with a small advantage to the case without fountain codes at up to 5 km. However, a significant amount of energy can be saved by employing fountain codes throughout the distance range, with savings of up to 35%. This reduction in the energy consumption is linked to the fact that fountain codes allow the system to increase the packet success rate, thus considerably decreasing the transmit power at the cost of sending extra redundant packets.
To verify if the conclusions reached above hold up for different system parameters, we also present a comparison of the results obtained with the parameters inspired by the WHOI modem from [24] (which are summarized in Table 2 ) with ones inspired by the EvoLogics S2CR 48/78 modem (which are summarized in Table 3 ) in Figure 7 . The same behavior (the usage of a high modulation order and an emphasis on using more hops to reduce the energy consumption) is presented for both configurations. However, when using the EvoLogics modem parameters saturation is reached earlier, due to the shorter range of this modem.
The energy consumption when using M = 16 and ϕ = 1 for different target FERs (from 10 −1 to 10 −4 ) is presented in Figure 8 ; the link distance is limited to 25 km due to the saturation of the fountain packets. It can be seen that decreasing the target FER does not lead to a significant increase in energy consumption. Also, the number of fountain packets does not sharply increase with a higher target FER. Figure 9 illustrates a more general scenario, where the intermediate nodes are randomly deployed between the source and the destination, with a total of 10000 trials for an average performance, ϕ = 2 hops and the target FER is P f = 10 −2 . Moreover, the modulation order and the number of fountain code packets are optimized to reduce the energy consumption. As we observe in this example, the use of fountain codes is even more important to reduce the energy consumption compared to the scenario where the nodes are equally spaced. This is because, in this scenario, longer links appear more often, so that fountain codes with optimized number of packets become more important to reduce the transmit power for a given target FER.
B. NUMERICAL RESULTS WITH CONVOLUTIONAL CODES
In this section, simulation results employing convolutional codes are now presented. We also employ the K -distribution with a shape parameter ν = 1.5 to model the fading. The distance for fountain packets saturation (i.e., Y = 60 is not enough for the target FER) for M = 4, 8 and 16 is presented in Table 4 , for different number of hops and both coded (l s,coded ) and uncoded (l s,uncoded ) scenarios. The number of extra packets Y considerably increases with the distance, and transmissions using higher modulations order require more packets to successfully reach the target FER and the saturation effect is reached easily. When increasing the number of hops, Y takes longer to reach saturation. The quantitative difference in results is due to the harsher and more complete scenario (considering K -fading and convolutional coding) used in the simulations.
Figures 10 presents the simulation results that compares the total energy consumption with all parameters being optimized in the cases with fountain codes and convolutional codes, for a fixed code rate r = 2/3. As it is possible to observe, the energy consumption is similar for very short transmission distances at up to 6 km. However, a significant amount of energy can be saved by employing fountain codes throughout the distance range, with savings of up to 40%. This result validates the theoretical analysis presented in Figure 6 . In addition, Table 5 presents the optimal parameters to minimize the energy consumption for each link distance for uncoded theoretical and coded simulation scenarios. VOLUME 8, 2020 Due to the more severe fading present in the coded simulation scenario, the modulation order is more quickly reduced; however, when this happens, in both scenarios the number of hops grows in order to reduce the overall energy consumption.
VI. CONCLUSION
We have analyzed in this paper the energy efficiency of underwater acoustic networks employing fountain codes in different scenarios. We consider the optimization of the number of hops and the modulation order to obtain the lowest possible energy consumption. We also have investigated the impact of optimizing each parameter separately in this process. Our theoretical analysis (validated by numerical and simulation results) indicates that optimizing the number of hops, the modulation order and employing fountain codes is fundamental to minimize the energy consumption for medium to long links.
